Background: Spinal Muscular Atrophy (SMA) is a recessively-inherited neuromuscular disease characterized by weakness and muscle atrophy. Although anecdotal benefits from exercise have been noted, and despite promising pre-clinical and pilot reports, the effect of exercise has not been addressed in a controlled trial in SMA. Objective: To assess the effects of exercise on measures of function, strength, and exercise capacity in ambulatory SMA patients. Methods/Design: An evaluator-blinded, randomized, controlled trial of aerobic and strengthening exercise in 14 ambulatory SMA patients aged 8-50 years. Patients will be randomized to either the exercise or control arm after the 1 month lead in period. During the first 6-months, the exercise group will receive the intervention while the other group serves as a control. After those 6 months, both groups will receive the intervention. The last 6-months of the study are designed to mimic real-world conditions where all participants are encouraged to continue on their own. Participants will be monitored throughout this 19 month study and will have in-person visits every three months. The primary outcome measure is the change in the total distance walked over 6-months on the six minute walk test (6MWT). Secondary outcome measures include maximal oxygen uptake (VO2 max), functional and strength assessments, pulmonary function, fatigue, and quality of life. Discussion: The result of this prospective, single blinded, randomized and controlled clinical trial of exercise on an established functional outcome measure will have impact on clinical practice by providing important guidance to clinical management of SMA patients.
INTRODUCTION
Spinal Muscular Atrophy (SMA) is a progressive, recessively-inherited neuromuscular disease characterized by weakness and muscle atrophy due to the loss of spinal cord motor neurons. It is an autosomal recessive disorder genetically characterized by the absence of the Survival Motor Neuron (SMN1) gene located on chromosome 5q13 [1] . Despite identification of a single mutation, SMA is phenotypically heterogeneous ranging from a life threatening to life altering disease [2] . Individuals with SMA in its mildest form, type 3, are an ideal target population for initial studies of exercise in SMA because their relatively preserved residual strength makes both endurance and strengthening programs feasible.
SMA type 3 patients have proximal weakness and impaired ambulation, yet are able to walk unaided for at least some period of their lives. Many SMA type 3 patients, however, ultimately lose the ability to walk independently, possibly due in part to deconditioning from physical inactivity. While symptom onset after three years of age is associated with a greater probability of maintaining independent ambulation [3] , the role of modifiable risk factors and interventions such as exercise or endurance training on motor function has not been well addressed.
Among healthy individuals and individuals with disabling conditions, exercise has been shown to improve cardiorespiratory endurance capacity, muscle strength, power and endurance in children and adults [4] [5] [6] , and physical and motor function in older adults and children [5, 7, 8] through numerous physiologic changes including improved muscle histology and architecture, muscle oxidative and glycolytic capacity, and motor and cardiorespiratory function [5, 9] . Furthermore, exercise training can reverse muscle atrophy and decrements in muscle strength resulting from prolonged inactivity [10, 11] . Exercise results in acute and chronic changes in muscle mitochondria, potentially through increased mitochondrial DNA (mtDNA) and mRNA expression, or through upregulation of individual mitochondrial enzyme complexes of the electron transport chain [12, 13] .
In other neuromuscular disorders, there are several examples of the beneficial effects of exercise programs on aerobic capacity and strength. In mitochondrial myopathies, exercise training improved endurance, peak capacity of work and quality of life. [14] Aerobic training in Becker muscular dystrophy [15] , McArdle disease [16] , myotonic dystrophy, facioscapulohumeral muscular dystrophy [17] , limb girdle muscular dystrophy [18] , and inclusion body myositis [19] have shown positive effects on exercise capacity. However, none of these studies were randomized or included a disease control group for comparison. In a recent meta-analysis of two controlled and three randomized clinical trials in muscular dystrophy, there was no evidence of benefit in muscle strength or endurance however the direction of effects favored exercise [20] . An individualized, progressive, resistive strengthening program improved function and quality of life in patients in a randomized controlled study of patients with adult motor neuron disease [21] . However, a home-based endurance exercise program of similar intensity among a heterogeneous group of patients with neuromuscular disorders showed no benefit in measures of function despite increases in leg strength [22] .
Preclinical studies also suggest a beneficial effect of exercise in SMA. In a randomized trial of exercise in transgenic SMA mice, animals treated with a runningbased training program had significantly increased survival, delayed muscle atrophy, and preserved muscle fiber morphology [23] . In another preclinical study, exercise not only delayed motor neuron death, but also increased the postnatal maturation rate of transgenic SMA mice motor units [24] .
While there have been no published studies on aerobic conditioning in SMA patients, strength training may yield some beneficial effects. In a pilot study of 6 SMA type 3 patients who underwent twelve sessions of a unilateral isokinetic leg exercise training, there was an increase in leg muscle strength by 33% in children and up to 122% in adults, compared to a maximum of 17% increase in the untrained leg [25] . Similarly, a case study of a young child with SMA type 3 described improvements in gross motor function and gait after an individualized aquatic therapy program [26] .
The few reports that have been published have demonstrated no adverse effects associated with exercise in neuromuscular disease, supporting the safety of the intervention in this population [27] . However, the regimens employed in many of these studies were mild or conservative in intensity and volume, and thus were unlikely to be of adequate dose to have a measureable or noticeable clinical effect. This conservative approach mirrors clinical practice in neuromuscular disease, but it does not meet the physical activity guidelines recommended for healthy individuals [4] . Importantly, there is little evidence to suggest high intensity exercise is harmful in denervating disorders. Even in disorders where the pathology originates at the muscle level, responses to maximal strength training is similar to healthy individuals without residual damage [28] . To study the safety and efficacy of an individualized moderately intensive strengthening and endurance regime in SMA, a controlled trial is needed.
However, there is little evidence to guide clinicians as to what would comprise the optimal exercise regimen in terms of the type, intensity, and frequency of exercise for SMA patients. The effect of exercise on clinical measures of strength and function would provide mechanistic information on the changes underlying any observed improvement in exercise performance. These results would also inform our understanding of the mechanisms underlying weakness and fatigue in SMA.
METHODS

Study design
A single-center, evaluator-blinded, randomized, controlled clinical trial (RCT) will be conducted to evaluate the effects of aerobic and strengthening exercise on motor function and strength in 14 patients with SMA. All participants will undergo one month of initial observation without treatment, following enrollment and randomization. This lead in period will allow for two baseline assessments of outcomes measures as well as provide time to create an individualized exercise plan tailored to the participants' baseline strength and exercise capacity measurements. Starting after month 1, group 1 will receive 6 months of intervention, followed by an additional 6 months of closely monitored ongoing treatment while maintaining evaluator blinding, followed by another 6 months of participantdirected exercise. Group 1, the participants receiving the intervention during the initial 6-months of the study, will serve as the experimental arm. Group 2 will serve as a wait-list control group. This cohort will receive 6 months of exercise intervention starting in the 7th month. For the final 6 months of the study (months 13 to 19), both cohorts will be encouraged to maintain the exercise intervention on their own and instructed to continue to record efforts in an exercise diary to mimic "real world" conditions ( Fig. 1) .
To maintain the blind, study personnel as well as patients and families will be instructed not to discuss study design, group assignment, or exercise program with the primary evaluator. This blinded evaluator will not be permitted to review the study chart. She will be provided with the forms necessary for evaluation in a separate binder. If group assignment is unintentionally revealed to the blinded evaluator, it will be documented in the participant's study chart.
The study protocol has been approved by the Columbia University Institutional Review Board and the USAMRMC Human Research Protection Office. Informed consent will be obtained from all participants and parents for children under age18 years. An independent safety monitor will evaluate participant data regularly for any adverse effects of the intervention.
Study population
The aim is to recruit 14 ambulatory patients between the ages of 8 and 50 years with genetically confirmed SMA. Patients will be recruited from existing population at the SMA Clinical Research Center at Columbia University Medical Center, the Pediatric Neuromuscular Clinical Research Network, and ClinicalTrials.gov (NCT01166022). All patients who meet eligibility will be invited to participate. Participants must be able to walk at least 25 meters without assistance, tread the stationary cycle ergometer, and be in good health, based on the findings of the physical exam and the judgment of the clinical investigator at the time of the screening assessment. Patients will be excluded if they use investigational medications intended for the treatment of SMA, have a contraindication to exercise according the American College of Sports Medicine (ACSM) criteria [29, 30] , or are pregnant or breastfeeding.
Intervention -cycle and strengthening
The exercise protocol will include a muscle strengthening program in combination with a home based recumbent cycle ergometry program consistent with existing recommendations for physical activity in healthy children and adults [4, 5] . We will use a recumbent cycle ergometer at moderate intensity based on their functional capacity (peak oxygen uptake; VO2peak) measured during the maximal exercise test. The aerobic exercise will be performed five times weekly with target duration of 30 minutes per day performed continuously in one session or in multiple shorter exercise bouts performed several times per day to accumulate 30 minutes per day. If the participant is unable to attain 30 minutes of exercise per day they will exercise for a duration that is comfortable, increasing the duration of the exercise sessions progressively over time with a goal to attain the target of 30 minutes of aerobic exercise per day. The participants will be instructed to maintain a moderate intensity of exercise using OMNI scale TM ratings of perceived exertion for cycling [31, 32] , which corresponds to a score between 5 and 7.
Individualized strengthening exercises will comprise all major muscle groups including those identified as most susceptible to weakness in SMA [33] . Strengthening exercises will be performed three times weekly for approximately 30 minutes. After formal assessment of baseline muscle strength, an individualized treatment protocol will be established to detail resistance and repetitions needed to achieve the desired treatment effect [34] . For weaker muscles that are unable to move the limb against gravity, isometric or modified exercises in a gravity-eliminated position will be prescribed. We will follow the recommendation of the ACSM by using rest intervals of 2-3 min between each set of repetitions [34] . To improve muscular strength, mass, and endurance, a resistance exercise that allows a person to complete 8 to 12 repetitions per set is our goal. This translates to a resistance that is ∼60% to 80% of the individual's one repetition maximum or the greatest amount of weight lifted for a single repetition. Similar to the cycling portion of the exercise protocol, intensity will be determined using the OMNI scale TM ratings for resistance exercise, which corresponds to a score between 5 and 7.
Exercise intensity or duration can be increased either during an in-clinic or teleconferencing visit. Additionally, participants will be permitted to advance their program provided they maintain a submaximal level of intensity as measured on the OMNI scale of perceived exertion. Participants will be instructed not to increase the intensity of their exercise more than once in a 2 week period. Participants will be allowed to perform aerobic exercise (cycling) more than the targeted 30 minutes only if they maintain a moderate intensity. Alternatively, participants will be advised that once the target has been achieved and maintained, increasing the resistance on the recumbent bicycle over short intervals remains an option to advance their exercise program. Both intensity (resistance) and duration of the cycling exercise will be captured on the patient diary.
Compliance will be monitored by several methods. First, the participant will wear a Polar TM Heart Monitor, which will record heart rate while performing the in-home cycle exercise program. In addition, the participant will complete a patient diary recording the exercise performed, duration, OMNI rating and any symptoms, adverse events, and other comments. These diaries will be reviewed during teleconferencing visits and collected at in-person visits. Program compliance will be enhanced by the use of customized illustrated instructional exercise sheets provided to patients. To ensure that the subjects are performing the exercise correctly and to enhance exercise safety and compliance, we have added an internet video-conferencing component performed at regularly scheduled intervals. During the internet video-conferences, exercise compliance, adverse events and participant questions and concerns will be discussed with an un-blinded member of the study personnel. These encounters will occur weekly during the first month of exercise, every other week for the next 2 months, and then monthly for 3 months over the initial 6 month intervention period. Communication between in-clinic visits in the subsequent 6 months of the exercise intervention and for the control group during the initial 6 months is encouraged as needed although no formal visits will be scheduled. All participants will be instructed to communicate with study intervention personnel as needed via text, phone, or email in the case of any questions or concerns. Spe-cific questions concerning any adverse events will be collected during every participant contact including all in-person and video-conferencing visits. Adverse events that will be queried for all participants include falls, excessive fatigue, muscle soreness, illnesses and other health related events.
Outcome measures
Several primary and secondary outcome measures will be collected, because these are variables that may be expected to change with exercise training or to monitor potential adverse effects of the training.
Primary outcome measure -six minute walk test (6MWT)
The primary outcome measure is the change from baseline to Month 6 in the total distance walked on the six minute walk test (6MWT). The 6MWT, an objective evaluation of functional exercise capacity, measures the maximum distance a person can walk in six minutes over a 25-meter linear course. Distance walked over the entire 6 minute time period, distance covered each minute, and the time to complete each 25-meter interval will be recorded. Standard encouragement using even, neutral tones was used for each participant according to the American Thoracic Society (ATS) guidelines [35] and as previously described for neuromuscular populations [36] . Percent-predicted distance on the six-minute walk test will be computed from normative values [37, 38] . Fatigue will be determined by the decrement in distance walked from the first to sixth minute during the 6MWT [39] .
Secondary outcome measures Exercise tolerance test
Exercise tolerance testing provides an objective evaluation of overall fitness and is considered the best paradigm for assessing aerobic conditioning in diverse patient populations including neuromuscular disease [40] . Participants will undergo an exercise stress test using recumbent cycle ergometry pre-and post-exercise intervention at months 0, 4, 7, 10, 13 and 19. The tests will be performed by a clinical exercise physiologist using an electronically-braked recumbent cycle ergometer (Lode Corival TM , Groningen, Netherlands) using an individualized ramping protocol [40] , maintaining a pedal cadence between 50-80 rpm. This will yield expected progressive workload increments of 5-10 Watts per minute as tolerated, following a 2 minute warm-up at 5 Watts. Participants will be continuously monitored for any discomfort or pain they may experience, and they will rate the exercise difficulty using a scale of perceived exertion using OMNI scale TM ratings of perceived exertion for cycling [31, 32] . Maximal effort will be verified as volitional fatigue (OMNI Scale ≥ 8, the inability to maintain pedal cadence at 50 rpm for 10 or more seconds, and/or respiratory exchange ratio (RER; carbon dioxide production/oxygen uptake)>1.0) [40] . Standard ACSM exercise termination criteria will be applied [40] .
Oxygen uptake, ventilatory volumes, and related variables will be measured during exercise using a ParvoMedics TM metabolic cart (TrueOne TM model 2400, Sandy, Utah). Measurements will end immediately following exercise. Using this method, peak oxygen uptake (VO2peak) will be identified as the highest oxygen uptake measured during exercise [41] .
Forced Vital Capacity (FVC)
Pulmonary Function will be assessed by measuring forced expiratory vital capacity (FVC) as percent predicted for age and height [42] . Pulmonary function measures have been validated for use as an outcome measure in SMA in a previous study and the FVC was the most reliable measure [43] .
Hammersmith Functional Motor Scale, Expanded (HFMSE)
The HFMSE is a 33-item scale designed for SMA type 2 and 3 patients; it represents minimal participant burden, requires only standard equipment, and is usually completed in less than 15 minutes. The HFMSE has good test-retest reliability and is correlated with clinical and physiological measures in SMA [44, 45] . Items are scored on a 0-2 scale with a full score of 2 being normal without assistance, a partial score of 1 requiring a modified method but no assistance, and a zero score being unable to achieve the task without assistance. The sum of all items will be used as the outcome measure to evaluate motor function.
meter walk/run
A 10 meter walk / run test will be performed on all subjects at every visit. This test measures the time it takes a subject to walk or run 10 meters as fast as possible without compromising the subject's safety. In SMA, the 10 meter walk test correlated with knee extensor and flexor strength and discriminated between young and older ambulant patients [46] . The 10 meter walk/run test is an important adjunct to the 6MWT as it is a good measure of walking ability with minimal, if any, endurance demands.
Timed Up and Go Test (TUG)
The TUG test, which is a method to assess balance and mobility, measures the time it takes an individual to stand up from a chair, walk 3 meters, turn around, and sit down in the same chair [47] . In adult motor neuron disease, TUG scores are associated with standard functional and strength assessments, decline linearly over time, and predict falls [48] . In SMA, it demonstrates good test-retest reliability and is associated with standard clinical assessments [49] .
Muscle strength
Manual muscle testing (MMT) augmented by handheld dynamometry (HHD) provides a comprehensive evaluation of muscle strength. In the present study, MMT will be performed on 28 muscle groups, 8 muscle groups on each leg and 6 muscle groups on each arm, including proximal and distal musculature, using the Medical Research Council (MRC) 10-point grading scale. In addition to recording the scores for each muscle group of the both legs and arms, the aggregate score of all four limb muscles as well both leg muscles and both arm muscles will be calculated. HHD will be performed on the knee flexors and extensors, elbow flexors and extensors, and shoulder abductor muscle groups bilaterally using a Micro FET ® myometer. The best of 3 trials will be used for the analysis.
Spatiotemporal gait measures
Gait data will be collected with the GaitRite TM electronic walkway (GaitRITE, CIR Systems, Havertown, PA), which will be placed in the middle of the 25-meter walkway to collect steady state gait measures during the 6MWT. The computerized walkway is approximately 4.25 meters in length. Variables computed will include stride length and velocity for each stride in the first, third, and sixth minute during the 6MWT.
Quantitative measure of physical activity
We will measure habitual physical activity levels using the ActiGraph TM accelerometer (ActiLife 5, Pensacola, FL), worn on the waist and legs, over a 7 consecutive day period during each 3-month study segment. This device is a valid tool for measuring physical activity in children [50] and adults [51] . The ActiGraph is a triaxial accelerometer that measures acceleration in three planes; it is small, light, and unobtrusive. The acceleration is filtered by an analog band-pass filter and digitized by an 8-bit A/D converter at a sampling rate of 10 samples per second, storing data in user-defined intervals. This is an assessment of overall physical activity, so the accelerometer will be worn for 7 days, with one accelerometer on the waist and one on each ankle. To assist in interpreting the data, participants will also be given a log sheet to record specific times that the monitor was put on and taken off each day, as well as a record of sleeping times. The percentage of time spent sedentary will be calculated and used for analysis.
Quality of life
We will ask parents and patients to complete the "PedsQL ™ Generic Quality of Life Inventory" and "Multidimensional Fatigue Scale," a proprietary test, to measure quality of life and perceived fatigue [52] . For patients 18 years and older, we will use the SF-36, a widely used health-related quality of life measure [53] . We will measure perceived fatigue in adult participants with a fatigue severity questionnaire that has been used in clinical research [54] .
Statistical analysis plan
We will assess the efficacy of the exercise intervention based on change in distance walked during the 6MWT over a 6 month interval. The evaluations performed at month 1 will be used as the baseline assessment. Analysis will follow intent-to-treat principles; this approach will be followed regardless of subject dropout or un-blinding of the evaluating therapist. Data from a preliminary study of ambulatory subjects with SMA were used to estimate standard deviation for the outcome variable. From these preliminary assessments of patients followed longitudinally with the 6MWT, we have noted an average decline of 3.7% of the total distance walked (mean change −3.7%, absolute change 9.7%, standard deviation 5.8%) over a 6 month interval. Change in distance walked during the 6MWT has been used as the primary endpoint in studies designed to treat diseases with neuromuscular and pulmonary manifestations, including laronidase in mucopolysaccharidosis (MPS) type I [55] idursulfase in MPS II [56] , and bosentan in primary pulmonary hypertension [57] . In these studies mean 6MWT distance in drug-treated patients relative to placebo-treated patients increased by ∼10%. For the purposes of the power calculation, we will apply a clinically meaningful difference (δ) of 10%. Standard deviation (σ), based on preliminary data, will be defined as 5.8% for the purposes of the study. With 7 experimental subjects and 7 control subjects, ␣ = 0.05 (two-sided), statistical power is 0.84.
The mean difference in distance walked on the 6MWT over 6 months between the exercise and control group sample will be evaluated using an independent samples t-test.
The secondary analysis will include comparison between groups of changes in exercise tolerance (maximal O2 uptake and ventilatory threshold), HFMSE, 10 meter walk/run, quantified physical activity level (as measured using the Actigraph TM uniaxial accelerometer), kinematic gait assessment, FVC, Manual Muscle Testing (MMT) of 26 muscle groups augmented by Hand Held Dynamometry (HHD) of 10 standardized limb muscle groups, and quality of life outcomes over the first 6-month period. Repeated measures analysis of variance will be used to evaluate the effects of exercise on the primary and secondary outcomes for all participants over 18 and 12 months in the exercise and control groups respectively. For all analyses, differences will be considered statistically significant at alpha of p ≤ 0.05. Figure 2 shows the study participant flow. Fourteen participants, 3 females and 11 males, ages 10-48 years were enrolled and randomized between December 2009 and February 2013. Reasons for non-participation included not meeting eligibility requirements, enrollment in an alternative clinical trial, or disinterest. Participant characteristics are shown in Table 1 . After randomization, the participants randomized to the control arm of the study were similar in age but had a somewhat younger age at symptom onset. Table 2 describes the study outcome measures at baseline. At baseline, the control group walked a shorter distance and, had more fatigue on the 6MWT. Control participants tended to be weaker as measured by strength assessments. All participants had normal pulmonary function and reduced exercise capacity. On average, the VO2 peak was 35.3% of the predicted value for age and gender. More than half of the participants (64%) achieved a respiratory exchange ratio (RER) of > 1; all terminated exercise due to an OMNI rating of ≥ 8 and/or the inability to maintain a pedal rate of 50 rpm. This suggests that each participant gave a maximal effort.
Participant characteristics
Fatigue related gait changes during the 6MWT were measured using gait analysis in all participants. Velocity, stride length, and cadence decreased significantly across the first, third and sixth minutes (p < 0.001) (Fig. 3) . Larger changes occurred during the first half of the 6MWT.
Both groups were insufficiently active, with a very small portion of time spent moving about, and 83.5% of time during waking hours spent in sedentary activities (e.g. sitting). Both groups participated in some physical activity of light, lifestyle and moderate intensities, while none engaged in any vigorous or very vigorous categories. Similar to knee flexor strength the control group was more sedentary.
Quality of life and fatigue measures were similar between groups. Adult participants evaluated their physical health as worse than their mental health (38.2, 54.0 -on a scale of 0-100) and reported moderate fatigue (4.8 on a scale of 0-7). Child participants and their parents reported good quality of life overall (83, 86.5 -on a scale of 0-100) while children reported slightly lower levels of fatigue than their parents (85, 74 -on a scale of 0-100). Because assessments of quality of life and fatigue are measured on different scales for adults and children, group comparisons were not performed.
DISCUSSION
The results of this prospective, single (examiner) blinded, randomized and controlled clinical trial of the effect of exercise should impact clinical practice by providing important guidance to the clinical management of SMA patients. In this study, the participants randomized to the control group had an average symptom onset that was somewhat earlier than the exercise group. Three of the 7 subjects in this group were termed Type 3a with symptom onset before age 3 years [3] . All 7 subjects in the exercise arm had symptom onset after age 3 years. There were subtle differences noted in walking ability and strength between the groups. Interestingly, knee flexor strength was more impaired and the participants were more sedentary in the control group. It is not known if these differences will influence responsiveness to exercise. A larger study will be necessary to identify which SMA characteristics are most amenable to treatment. Exercise testing provides an objective measure of functional capacity and overall fitness and is considered the best measure of aerobic conditioning in diverse patient populations including neuromuscular disease [29] . Ambulant SMA patients have reduced muscle strength and cardiorespiratory fitness, consistent with severe deconditioning, and mostly normal pulmonary function as determined by forced vital capacity. Exercise capacity measured by peak oxygen uptake (VO2 Fig. 3 . Baseline gait parameters for all participants at minutes 1, 3, and 6 during the 6MWT. max) appears to be lower in ambulatory SMA patients compared to other myopathic [14, 15, [17] [18] [19] 58] and denervating [59] [60] [61] [62] neuromuscular disorders, which may represent an important clue to pathophysiological differences. Evidence suggests that mitochondrial depletion in SMA [63] may be causative and will warrant further exploration. The number and functionality of mitochondria will affect the muscle function, and thereby affect physical functioning and overall health [13] . The considerable sedentary behavior and resulting deconditioning experienced by SMA patients likely contributes to the depressed cardiorespiratory capacity observed, which may reflect the consequences of mitochondrial depletion [13] . The potential effect of deconditioning on daily functioning is further demonstrated by the impairments demonstrated on the functional assessments. Our participants walked 54% of what is expected on the 6MWT, and exhibited impaired muscle strength in nearly all of the muscle groups tested. Fatigue during the 6MWT likely represents peripheral and central dysfunction of neurotransmission that is unique to the pathophysiology of SMA; and this also may have an impact on overall fitness since aerobic fitness represents the integrated function of many body systems, including the cardiorespiratory and neuromuscular systems.
The results of the pulmonary function tests combined with the results of the exercise testing show that the pulmonary system does not limit exercise in these participants with SMA, similar to healthy individuals. The ability of many of the participants to achieve a respiratory exchange ratio (RER) of 1.0 or greater is consistent with reaching the limits of cardiorespiratory system function [29] . Neuromuscular factors do not limit exercise capacity at least in some SMA patients. However, other patients experienced limiting muscular fatigue as demonstrated by their inability to maintain the requisite pedaling rate in the presence of an RER less than 1.0. The absence of any adverse effects during the baseline testing show, importantly, that exercise testing is feasible. Furthermore, pulmonary function testing complements functional measures that are designed to evaluate exercise interventions in ambulatory SMA patients.
To our knowledge, this will be the first randomized, controlled clinical trial of exercise training following national recommendations for exercise in SMA. It will advise and inform future clinical practice and research study design. Moreover, the results of this study will provide mechanistic information on the changes underlying any observed improvement in exercise performance and may improve our understanding of the processes underlying weakness and fatigue in SMA.
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